In the brain, intracellular iron is essential for cellular metabolism. However, an overload of free iron is toxic, inducing oxidative stress and cell death. Although an increase of striatal iron has been related to atrophy and impaired cognitive performance, the link between elevated iron and altered brain activity in aging remains unexplored. In a sample of 37 younger and older adults, we examined whether higher striatal iron concentration could underlie age-related differences in frontostriatal activity induced by mental imagery of motor and non-motor scenes, and poorer recall of the scenes. Higher striatal iron concentration was linked to underrecruitment of frontostriatal regions regardless of age and striatal volume, the iron-activity association in right putamen being primarily driven by the older adults. In older age, higher striatal iron was related to poorer memory. Altered astrocytic functions could account for the link between brain iron and brain activity, as astrocytes are involved in iron buffering, neurovascular coupling, and synaptic activity. Our preliminary findings, which need to be replicated in a larger sample, suggest a potential frontostriatal target for intervention to counteract negative effects of iron accumulation on brain function and cognition.
Introduction
The frontal lobes are particularly vulnerable to aging effects (Kalpouzos et al. 2009 ), often in relation to striatal dysfunction, which in turn affects cognition (Bäckman et al. 2010) . In aging, the striatum undergoes volume loss (Raz et al. 2003 ) and depletion of dopamine, a major neurotransmitter in the basal ganglia (Bäckman et al. 2006; Jagust 2013) . More recently, the role of striatal iron accumulation has been pointed out as a critical factor linked to cognitive and motor decline in aging .
Iron is the most abundant metal in the brain. The high demand for iron by the brain is not only due to the fact that it is the main oxygen-consuming organ (oxygen is carried by hemoglobin, whose core element is iron), but also because many neurobiological processes (neurotransmitter synthesis, synaptic plasticity, myelination) are iron-dependent (Hare et al. 2013; . Iron is found in 2 forms in the brain: heme iron, found in blood, and intracellular nonheme iron, most of which is stored in the ferritin protein. Free nonheme iron acts as a catalyst in the formation of free radicals from reactive oxygen species via the Fenton reaction (Winterbourn 1995) . Therefore, an increase of free nonheme iron is toxic, inducing oxidative stress and inflammation, cell dysfunction and, ultimately, cell death (Zecca et al. 2004) .
Brain iron accumulation is thought to be an early event in the neurodegenerative cascade (Hare et al. 2013) . Excessive concentration of iron in basal ganglia has been demonstrated in disorders affecting the motor system, such as Parkinson's disease and Huntington's disease (Dumas et al. 2012; Ulla et al. 2013) . Also, healthy older adults typically show elevated striatal iron concentration in comparison with younger adults (Hallgren and Sourander 1958; Bartzokis et al. 2007; Daugherty and Raz 2013 ), which in turn may induce striatal atrophy Daugherty and Raz 2016) . The bulk of past research also suggests a negative impact of elevated striatal iron on motor function and working memory in old age (Sullivan et al. 2009; Bartzokis et al. 2011; Adamo et al. 2014; Li et al. 2015) .
Although there is an increasing number of multimodal neuroimaging studies whose aim is to understand the biological underpinnings of brain dysfunction in aging, such as structure-function interactions (Grady 2012; Kalpouzos and Nyberg 2012) , no study has provided evidence of a link between elevated brain iron concentration and altered brain activation as measured with functional MRI (fMRI). Higher iron levels may lead to cellular dysfunction, which could result in an altered fMRI blood oxygenlevel dependent (BOLD) signal. We assessed striatal iron concentration by performing relaxometry (R2*) on data obtained from a multiecho Gradient Recalled Echo (meGRE) MRI sequence. R2* is a reliable marker of presence of iron stored in ferritin, rather than free iron, which is found in too low quantity (Langkammer et al. 2010) . However, ferritin and free iron are strongly correlated, as the presence of free iron triggers production of ferritin to sequester it (Arosio and Levi 2002; Arosio et al. 2009) . At the functional level, we targeted the striatum, because of its susceptibility to accumulate iron, and the frontal lobes, which are heavily connected to the striatum. Older adults have deficits in overt motorinhibition mechanisms, reflected as altered brain activity in inferior frontal cortex (IFC) and striatum (Sebastian et al. 2013; Coxon et al. 2016 ). We chose a mental imagery task in which participants were asked to imagine and memorize scenes, some of which involved motor activity ("motor scenes," i.e., "washing a car"), and others depicted scenes with minimal motion where the instructions were to imagine the body as still as possible ("non-motor scenes," i.e., "posing for an ID photo"). As motor imagery involves similar brain processes as overt motor processing (Hétu et al. 2013) , we expected that imagery of scenes where motion had to be inhibited would also trigger activation of regions typically involved in overt motor inhibition. Hence, although our task differed from conventional tasks tapping overt response inhibition (e.g., go/no-go task), we hypothesized that, in comparison with younger adults, older adults would show altered frontostriatal activity in the non-motor condition as compared with the motor condition. More importantly, we hypothesized that these agerelated differences in frontostriatal activity may be related to higher striatal iron concentration among older adults. Finally, we predicted that higher iron concentration was associated with reduced memory performance in aging.
Materials and Methods
The study was approved by the Regional Ethical Review Board in Stockholm. All participants signed informed consent prior to data collection.
Participants
Forty-six individuals were recruited through newspaper advertisements and posted flyers. Eight individuals were excluded due to brain pathology (N = 3) (T1-weighted and FLAIR images were scrutinized by experienced neuroradiologists) or because of technical issues with the scanner (N = 5). We also discarded the data of one individual who could not recall any of the items of the task. Thus, 22 younger adults and 15 older adults remained for analyses (Table 1 ). All participants were righthanded, did not report any previous or current neurological or psychiatric diseases, and none was taking psychoactive medication. The educational level was slightly lower in the older group than in the younger group (P = 0.05). The 2 groups did not differ in vocabulary (P = 0.55) (Dureman 1960) . All participants had a score ≥23 at the Montreal Cognitive Assessment (MoCA) (Nasreddine et al. 2005) , which corresponds to a score of 28 on the MMSE (Roalf et al. 2013) . Younger subjects had higher MoCA scores than older subjects (P = 0.02). Three older participants were under anti-hypertensive treatment. Blood pressure was taken twice, while seated, 10 min after the arrival of the participants at the MR center, and twice at the end of the testing session, using an automated oscillometric upper arm blood pressure monitor (Omron M7). An average of systolic and diastolic blood pressure over the 4 measurements was calculated. Older adults had higher systolic, but not diastolic, blood pressure compared with younger adults (P < 0.001 and P = 0.16, respectively). As higher blood pressure has been related to higher brain iron concentration in old age (Rodrigue et al. 2011) , we analyzed the link between blood pressure and iron. As no relationship between striatal iron and systolic blood pressure was found (r = −0.37, P = 0.20), we did not further consider blood pressure as a factor in the analyses. The Outlier Labeling Rule was used to track outliers (Tukey 1977) ; the following formulas were computed to calculate the upper and lower limits, respectively: Q3 + (1.5 * (Q3 -Q1)) and Q1 -(1.5 * (Q3 -Q1)), where Educational level was assessed according to the highest degree obtained
(1 = lower school certificate; 2 = high school, 3 = university).
Q1 is the lower quartile (25th percentile of the data), Q3 the upper quartile (75th percentile), and the number 1.5 is the g-value. Presence, and therefore exclusion, of outliers are reported in the statistical analyses section.
MRI Acquisition
Participants were scanned on a Discovery MR750 3.0 T scanner (General Electric), using an 8-channel phased array receiving coil at the MR center of Karolinska Hospital Solna, Stockholm. , TR = 37.52 ms, FOV = 24 cm, no gap, 146 axial slices, flip angle 20°). The first TE was 3.74 ms and it was followed by 7 additional ones, with a 3.75 ms interval between consecutive echoes. The functional sequence used was a Gradient Echo EPI sequence (FOV = 22 cm, acquisition matrix 72 × 72 and slice thickness 3 mm-with additional zero-filling the matrix was filled to 128 × 128 with voxel size 1.7 × 1.7 × 3 mm 3 -flip angle 70°, TR = 2200 ms, TE = 30 ms, total accelerated (R = 2) EPI readout duration = 16.4 ms, 46 axial slices acquired in an interleaved bottom/up order, 300 volumes acquired). To avoid signals arising from progressive saturation, 5 dummy scans were acquired prior to task initiation.
Mental Imagery Memory task
The imagery task consisted of the presentation of short sentences describing real-world scenes. There were 2 types of scenes, one of which involved motion (e.g., playing tennis), and another in which motion was minimized (e.g., hiding in a closet). Seven motor blocks and 7 non-motor blocks of 3 scenes each (total number of scenes = 42) were randomly interleaved with 7 control blocks. For the 2 conditions of interest (motor, non-motor), participants were given 8 s to read the sentence (presented for 2 s each), press a button (to indicate that they had read the sentence), imagine themselves in the scene and memorize it while a cross (5 s) followed by a circle (1 s) replaced the sentence. Thus, each block lasted for 24 s. Participants took part in a training session before scanning, in which the experimenter emphasized the perception of the body in motion (motor items) or as still as possible (non-motor items) when visualizing the scenes. The control condition was a low-level cognitive task that aimed at controlling for reading and motor (button press) activity. In this condition, participants had to detect the presence of 2 consecutive letters in pseudowords and press a button when "sn" was present; 5 pseudowords per block were presented with 3 button presses per block. Each pseudoword (1.2 s) was followed by a fixation cross (3.6 s). The duration of each control block was also 24 s. Before each block, specific instructions were provided on the screen for 7 s (motor: "Read the sentence, press the button, and visualize the scene with motion"; non-motor: "Read the sentence, press the button, and visualize the scene without motion"; and control: "Press the button when you see sn"). Immediately after this task, participants were removed from the scanner. Free recall of the scenes took place after 5 min in an adjacent room. Only accurate recall of the scenes was credited; memory distortions (e.g., "watering flowers" instead of "planting flowers") were discarded in computing the recall scores.
Preprocessing of the MRI Data
The major processing steps of the neuroimaging data are shown in Fig. 1 .
Relaxometry and Extraction from Regions of Interest
Transverse relaxation rates ⁎ R 2 were estimated by fitting a monoexponential model to the square of the signal at each voxel of the meGRE sequence (Deistung et al. 2013 ):
where S is the measured signal magnitude, TE is the echo time, and S 0 is the signal amplitude corresponding to TE = 0. These analyses were performed with in-house software written in Python (www.python.org). A brain mask was obtained using the brain extraction tool (Smith 2002 ) from the FSL library (http://fsl.fmrib.ox.ac.uk). The first echo of the meGRE sequence was used to obtain a rigidbody transformation to the T1-weighted image using the FLIRT FSL tool (Jenkinson et al. 2002) . Automated segmentation of deep gray-matter volumes was performed with the Freesurfer Figure 1 . Preprocessing of the 3 neuroimaging modalities. meGRE, multiecho gradient recalled echo; TE, echo time; MNI, Montreal Neurological Institute.
5.3 image analysis suite (http://surfer.nmr.mgh.harvard.edu/) (Fischl et al. 2002) . Volumes of the striatal structures were computed from this segmentation. They were further adjusted for total intracranial volume (TIV), which was calculated by adding gray matter, white matter, and cerebrospinal fluid volumes obtained from the SPM segmentation on the T1-weighted images, using the formula, Volume adji = Volume rawi -b(TIV i -TIV mean ) where b is the slope of volume regression on TIV (Jack et al. 1989) . TIV mean was either the mean of the whole sample, or the mean of the age groups for within-group analyses. Average R2* values were estimated for caudate, putamen, and whole striatum. To avoid the influence of high signal from neighboring vessels and obtain more robust estimates, a fraction of the most extreme values was removed prior to averaging (15% was judged to be an adequate fraction by visual inspection).
fMRI Images Functional images were preprocessed and analyzed using the Statistical Parametric Mapping software (SPM8, http://www.fil. ion.ucl.ac.uk/spm/). After correcting for differences in slice timing within each volume, all images were realigned to the first volume acquired. To improve spatial normalization of the fMRI images, the flow fields calculated on the T1-weighted images with Diffeomorphic Anatomical Registration Through Exponentiated Lie Algebra (DARTEL, Ashburner 2007) were applied to the functional volumes as follows: For each participant, the T1 and fMRI images were coregistered together, using the mutual information coregistration approach as implemented in SPM (Collignon et al. 1995) . The T1-weighted images were segmented into gray matter, white matter, and cerebrospinal fluid using the improved unified segmentation algorithm that employs an extended set of tissue probability maps (Ashburner and Friston 2005) . The segmented gray-and whitematter images of all participants were imported into DARTEL space with a spatial resolution of 1.5 × 1.5 × 1.5 mm 3 , and a final customized template was created after several iterations of increasing crisp as well as subject-specific flow fields (deformation maps registered to the gray-matter and whitematter templates at each step). The individual flow fields containing the spatial transformations to match the group-specific template were applied to the functional images, which were further registered to MNI space (voxels were resampled to 1.5 × 1.5 × 1.5 mm 3 ). Finally, the normalized functional volumes were smoothed using a full-width at half-maximum Gaussian kernel of 8 mm.
Statistical Analyses
Associations among Age, Striatal Iron, Striatal Volume, and Recall An ANOVA on the recall scores with age group (younger, older) and condition (motor, non-motor) as factors was performed. Partial correlations were used to verify whether striatal R2* was related to striatal volume, controlling for age. Age-group differences were computed for striatal volumes (whole striatum and individual nuclei) and striatal R2* using t-tests. In addition, ANCOVAs were performed to compare R2* between the age groups controlling for striatal volume, as volume may be related to both age and iron content. Relationships between striatal iron and recall performance were assessed using partial correlations controlling for age and striatal volume, as the latter may also be a confounding factor due to its possible associations with cognitive performance. As we did not have an a priori hypothesis about which specific striatal nucleus would be associated with performance, we used R2* values of the whole striatum.
SPM Analyses of fMRI Data
The blocks of all 3 conditions (motor, non-motor, control) were modeled as a fixed response (box-car) waveform convolved with the hemodynamic response function as implemented in SPM. Covariates of no interest included the 6 realignment parameters to account for head-motion artifacts. Single-subject statistical contrasts were set up using the general linear model, and group data were analyzed in a random effects model. Statistical parametric maps were generated using t statistics to identify regions activated according to the model. For each individual, the motor and non-motor blocks were contrasted against the control blocks (motor > control; non-motor > control). As we were interested in the interaction effect between age group and condition, a 2 × 2 ANOVA was conducted at the group level using the full factorial design in SPM. We also performed simple t-tests within age group and condition to display the full functional maps related to each task condition, withingroup comparisons of conditions (paired t-tests), and withincondition comparisons of age groups (2-sample t-tests).
At the whole-brain level, we set a threshold of P < 0.001, uncorrected for multiple comparisons. The minimum cluster size k for significance was the estimation of the expected number of voxels per cluster under the null hypothesis (Friston et al. 1993 (Friston et al. , 1996 . Expected cluster size is included in Supplementary Tables 1 and 2 or in the Results section. For the analyses involving age-group differences, we did follow-up small-volume corrections by applying the mask of the region of interest, assessing significance at a P-value < 0.05 (both cluster-and voxel-level), family-wise-error (FWE) corrected. For IFC and striatal structures, we used masks created from the WFU Pickatlas Tool (version 2.3, AAL atlas).
Association between Striatal Iron Levels and Frontostriatal BOLD Activation
Partial correlations between R2* and brain activity were performed in the whole group and within age groups, controlling for age and striatal volume. For the association between striatal iron and frontal activity, we used R2* values of the whole striatum, as we did not have an a priori hypothesis as to which striatal nucleus frontal activity would be related. Regarding the association between striatal iron and striatal activity, we used R2* values of the specific nucleus or nuclei revealed by the SPM analyses to be as precise as possible in local iron-activity associations.
Given the small samples sizes, we conducted bootstrapping analyses, based on 1000 samples, to test the reliability of the associations between R2* and memory performance, and R2* and BOLD fMRI signal. The bias-corrected 95% confidence intervals (CIs) of parameter estimates for the correlation coefficients are reported. If 95% CIs for the correlation coefficients did not include zero, the associations were considered reliable.
Results

Memory Performance
An ANOVA performed on the recall scores showed a significant effect of age, where older adults recalled fewer scenes than younger adults (F = 5.8, P = 0.02). There was no effect of condition (motor vs. non-motor; F = 0.03, P = 0.86) and no interaction effect (F = 0.11, P = 0.75) ( Fig. 2A, Table 1 ).
On average, recall performance was relatively low. Nonetheless, control analyses that involved vividness ratings on this same task and performance obtained in an independent offline task indicated that participants complied with the task instructions (i.e., mental imagery, memory) (Supplementary Text 1).
Age Differences in Striatal Volume and Iron Concentration
Striatal volume was smaller in the older than in the younger group (F = 19.0, P < 0.001) ( Table 2) . Iron concentration (R2*) in the striatum was significantly higher in the older than in the younger group, even when controlling for striatal volume (Fig. 2B, Table 2 ). Controlling for age, within age groups, the partial correlation between striatal R2* and volume was significant in the younger group, but not in the older group (r = 0.60, P = 0.004; r = 0.13, P = 0.67, respectively); the group comparison of the correlation coefficients was at trend level (P = 0.07). Given the iron-volume association in the younger group, subsequent analyses involving iron controlled for volume.
Iron Concentration in Relation to Memory Performance
In the older group, controlling for age and striatal volume, higher striatal iron concentration was associated with poorer recall in the motor condition (r = −0.58, P = 0.02) (Fig. 2C) . The corresponding correlation for the non-motor condition was in the same direction but did not reach conventional significance (r = −0.37, P = 0.18); however, the comparison between the 2 correlation coefficients was not significant (P = 0.25). Striatal iron was not associated with recall in the younger group (motor: r = 0.09, P = 0.70; non-motor: r = −0.06, P = 0.81). A group comparison of the correlation coefficients showed a significant age-group difference for the motor condition (P = 0.02), but not for the nonmotor condition (P = 0.19). The bias-corrected bootstrapping analysis indicated a reliable association between striatal R2* and memory performance in the motor condition in the older group: 95% CI [−0.860 to −0.156].
Age Differences in Functional Brain Activity
The younger group showed greater activation in bilateral striatum during both the motor and non-motor compared with the control condition (Fig. 3A) , and frontal activity was more pronounced in the non-motor than in the motor condition (Fig. 3A,  Supplementary Table 1) . The same contrasts in the older group did not reveal any striatal activity, and the comparison of conditions did not reveal differences in frontostriatal regions except in premotor and motor regions (Fig. 3B, Supplementary Table 1) .
A 2 by 2 ANOVA was conducted to examine the interaction between age and condition. The estimation of the expected number of voxels per cluster under the null hypothesis (minimum cluster size for significance) was k = 85 voxels. The interaction yielded one significant cluster located in left IFC (pars opercularis), with peak coordinates [−44;11;24] , cluster size k = 259 voxels, F = 14.8, P < 0.001 uncorrected (Fig. 4A) . This cluster extended into the precentral cortex. A small-volume correction (using the left inferior frontal operculum mask) underscored the existence of this age-related difference (p FWE = 0.02 and 0.03, cluster-and voxel-level, respectively). Follow-up analyses revealed that the age difference for the motor condition was not significant (F = 1.6, P = 0.21), whereas the age difference for the non-motor condition was reliable (F = 27.0, P < 0.001).
Finally, we compared brain activity across age groups within conditions. In the motor condition, no age differences were significant in frontostriatal areas (Supplementary Table 2 ). In the non-motor condition (Fig. 4B) , the older group showed less activity in right putamen compared with the younger group (peak coordinates [20; 5; 10], t = 3.65, k = 121; small-volume correction with right putamen mask p FWE = 0.03 and 0.04, clusterand voxel-level, respectively). In addition to reduced activity in right putamen, older adults also showed less activity in left IFC, Iron content (R2*) in striatum LR (Left and Right) expressed in s −1 (means, SE), and (C) Correlations in the older group between R2* and recall (residuals, adjusted for age, and striatal volume). Older adults recalled fewer scenes in both task conditions, and had more iron than younger adults. In the older group, the correlation between R2* and recall was significant for the motor (r = −0.58, P = 0.02) but not for the non-motor (r = −0.37, P = 0.18) condition. In parentheses in the P column: P-values from F-tests on R2* with age group as a factor, controlling for striatal volumes (e.g., age comparison of bilateral striatal R2* controlled for bilateral striatal volume).
bilateral presupplementary and supplementary motor and premotor areas, as well as caudal anterior cingulate regions (Supplementary Table 2 ).
Age-Related Frontostriatal Underactivation during NonMotor Imagery in Relation to Striatal Iron Concentration
Although we generally predicted a relationship between striatal iron and frontostriatal activity, based on the above fMRI results showing task-related activation in left IFC and right putamen, we used these regions in subsequent analyses. Thus, we tested whether higher striatal iron concentration was related to lower activity in left IFC, and whether higher right putaminal iron concentration was related to lower activity in right putamen in the whole sample and within age groups. Partial correlations showed that, in the whole group, more striatal iron was associated with less IFC activity when controlling for age and striatal volume (r = −0.34, P = 0.05) (Fig. 4C) . Within-group analyses showed negative links between striatal R2* and IFC activity, but these correlations did not reach conventional significance (younger: r = −0.33, P = 0.15; older: r = −0.38, P = 0.21). The bias-corrected bootstrapping analysis indicated a reliable association between striatal R2* and IFC BOLD signal estimates in the whole sample: 95% CI [−0.560 to −0.075].
Across all participants, higher iron concentration in right putamen was associated with lower activity in the same nucleus, when controlling for age and volume of right putamen (r = −0.35, P = 0.04, 2 outliers were removed; Fig. 4D ). Withingroup analyses showed that, although the direction of the correlation was the same for younger and older adults, it was only significant in the older group (older: r = −0.65, P = 0.03; younger: r = −0.30, P = 0.20). The bias-corrected bootstrapping analyses indicated a reliable association between R2* and BOLD signal estimates in right putamen in the whole sample (95% CI [−0.608 to −0.046] ) and within the older group (95% CI [−0.894 to −0.02 
]).
Taken together, the associations between higher striatal iron and lower frontostriatal activity were independent of age and striatal volume, although the associations were primarily driven by the older group in the right putamen.
Discussion
We demonstrated for the first time that higher striatal iron concentration is linked to underrecruitment of frontostriatal regions. In older age, higher striatal iron was also related to reduced memory performance.
In line with several previous studies, we found iron concentration in striatum to be higher in healthy older adults in comparison to younger adults (Daugherty and Raz 2013) . However, in contrast to past research, we did not find an iron-volume association in older adults, where more iron would be related to smaller structures Daugherty and Raz 2016) . Instead, we unexpectedly found that higher iron concentration was related to larger striatal volume in the younger group. Based on the fact that iron is necessary for cellular metabolism, we speculate that in healthy young adults, larger structures may need higher iron concentrations to trigger the molecular operations in which iron is involved.
More striatal iron concentration in older adults was associated with poorer memory for motor scenes. Such a relationship was not observed in the younger group, even not at trend level. This lack of association in the younger adults could be due to the absence of memory impairment. Alternatively, this pattern of results could reflect that a certain threshold of brain iron concentration may be needed for negative effects on cognition to occur. This notion has been proposed in previous work based on the fact that associations between structural brain data (cortical thickness, white-matter integrity) and performance are often stronger in older than in younger adults (Burzynska et al. 2012; Laukka et al. 2013 ; see also Hofer and Sliwinski 2001; Hofer et al. 2006) . The current finding of an association between striatal iron and episodic memory is in agreement with recent data (Steiger et al. 2016) , but is in contrast with another recent report (Ghadery et al. 2015) . One possible explanation for the mixed findings might be that the association between brain iron and episodic memory is affected by the age of the sample. Whereas Steiger et al. (2016) computed their correlations within an older group, matching well our age-group specific association, the age range of the sample Figure 3 . Brain activation during the mental imagery task. fMRI results in (A) younger and (B) older adults for the motor condition (first row), non-motor condition (second row), and differences between the 2 conditions (third row). Results are displayed at P < 0.001 uncorrected in MNI space. Sagittal views are x = −46, and axial views z = 28 and z = 4. Arrows point to left IFC that showed an interaction effect (Fig. 4A) , and rectangles indicate the location of basal ganglia.
used by Ghadery et al. (2015) was much wider and included younger adults. Nonetheless, in Ghadery et al. (2015) , a trend toward an association between striatal iron and memory and was seen in the oldest group of participants (aged 71-86 years old), which is in line with our finding and that of Steiger et al. (2016) finding, and is in agreement with the threshold hypothesis.
Reduced activity was found in the older adults in left IFC and right putamen during mental imagery of non-motor scenes. Along with the underactivation of the supplementary and presupplementary area and the caudal part of the anterior cingulate, these results concur with the brain mapping of age-related underactivation during overt response inhibition (Coxon et al. 2016) . Putaminal activation during response inhibition is a common finding in younger adults (Vink et al. 2005; Zandbelt and Vink 2010; Steele et al. 2013; Salami et al. 2014) . Also, in response-inhibition paradigms, although right IFC is typically more involved (Levy and Wagner 2011; Aron et al. 2014) , there is evidence that left IFC also contributes to response inhibition (Swick et al. 2008) . The associations between R2* and brain activity indicated that higher striatal iron content was linked to frontostriatal underactivation independently of age and striatal volume. However, the fact that the association between iron and activity for right putamen was significant in the older, but not in the younger, individuals, suggests the presence of a threshold effect here too. As iron concentration was higher in the older than in the younger adults, the impact on putaminal activity may become stronger.
Astrocytic mediation of iron, neurovascular coupling, and synaptic activity could be mechanisms underlying the effects of striatal iron concentration on frontostriatal activation. The age-related increase in brain iron mostly occurs in astrocytes (Connor et al. 1990; Schipper 1996 Schipper , 2004 Ward et al. 2014) . These glial cells are involved in neurovascular coupling, on which the BOLD signal measured with fMRI relies (Koehler et al. 2009; Figley and Stroman 2011; Kowiański et al. 2013; Hillman 2014) . Thus, it is conceivable that disruption of neurovascular coupling in aging is partly due to dysfunction of astrocytes (D'Esposito et al. 2003) , resulting from iron-induced oxidative mechanisms. Altered synaptic activity may also result from iron-related astrocytic dysfunction; indeed, a major function of astrocytes is to buffer the excess of iron in extracellular space, particularly in synapses (Codazzi et al. 2015) . Astrocytic dysfunction may disrupt regulation of extracellular iron, which in turn affects synaptic activity. If this hypothesis is valid, disturbance of neurotransmission in general and dopaminergic transmission, in particular, as well as demyelination could be consequences of an astrocytic dysfunction. Dopamine is abundant in striatum, and plays a crucial role in frontostriatal interactions. A less efficient dopaminergic system impacts cognitive functions that depend on frontostriatal networks (Bäckman et al. 2010; Li and Rieckmann 2014) . The toxicity of brain iron and its interaction with dopamine has received attention in research on Parkinson's disease, as iron could mediate the oxidation of dopamine via production of free radicals, and thus lead to impaired neurotransmission (Götz et al. 2004; Hare et al. 2014; Hare and Double 2016) . Further, whereas iron is involved in producing and repairing myelin, iron overload can induce an opposite effect by means of myelin breakdown and destruction of myelin-producing oligodendrocytes via oxidative stress and inflammation (Cherubini et al. 2009; Haider et al. 2011; Haider 2015; Steiger et al. 2016 ).
The present findings support the hypothesis of a negative effect of higher striatal iron content on brain activity and, possibly, on memory, in healthy older adults. The fact that the recruited older participants were optimally healthy may have weakened the associations somewhat and thereby not reflect the general older population, where brain iron concentration could be higher and impact brain activity and memory more severely. Given that our sample size is relatively small, and that a cross-sectional design was used, our findings have to be considered as preliminary and replicated in a larger sample and preferably in a longitudinal setting to assess whether higher iron concentration predicts and/or accompanies brain dysfunction. If iron overload is already associated with brain dysfunction and lower cognitive performance in cognitively normal individuals, MRI for iron quantification could constitute a relevant tool for early detection of presence of oxidative stress, and possibly neurodegeneration.
